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A B S T R A C T

Water-soluble organic carbon (WSOC), a significant part of organic carbon (OC) in fine particles, can alter the
hygroscopic properties of aerosols and affect global climate change. In this study, PM2.5 filter samples were
collected in 2017 winter and summer to investigate the secondary formation, sources and light absorption
properties of WSOC. The average WSOC/OC was 66% with the higher value in summer (74%). There are strong
correlations between WSOC and secondary components like secondary organic carbon (SOC) and inorganic ions
while the correlation between WSOC and EC was weak, indicating secondary formation contributed a dominant
portion to WSOC at this site. Moreover, high aerosol liquid water (ALW) and particle acidity were found to
enhance the secondary formation of WSOC. The sources of WSOC investigated with Positive Matrix Factorization
model (PMF) demonstrated that secondary formation was dominated with 59.9% in winter and 77.9% in
summer. The absorption Ångstrom exponents (AAE) were 6.88 in winter and 9.15 in summer. The MAE365 in
winter (1.32m2 g−1) was higher than that in summer (0.38m2 g−1), indicating the stronger light absorption
ability of WSOC in winter. The radiative forcing of WSOC by light absorption corresponded to only 1–10% of
that caused by EC. The potential source contribution function (PSCF) identified inland cities in Shandong pro-
vince, eastern Henan and Jiangsu province as major source regions of WSOC. The findings from this study imply
a critical role of secondary formation characteristics of WSOC at the regional background site of the North China
Plain.

1. Introduction

Atmospheric fine particulate matter (PM2.5, with aerodynamic dia-
meters ≤2.5 μm) is one of the most concerning environmental issues in
China due to its effects on climate and human health (Fang et al., 2015;
Hasheminassab et al., 2014; Zhang et al., 2017a). Carbonaceous species
are a significant fraction of ambient fine particles and can be divided
into elemental carbon (EC) and organic carbon (OC) according to their
thermal and optical properties. Organic aerosol (OA), the main com-
ponent of carbonaceous species, plays an important role in global cli-
mate change both directly and indirectly via affecting the radiative
forcing or cloud formation (Hallquist et al., 2009; Kanakidou et al.,
2005; Pöschl et al., 2010). OC includes a vast array of chemical species
which are directly emitted into the atmosphere (primary OC, POC) or
formed through chemical transformation of primary volatile organic

compounds to semi-volatile products then partitioning into the con-
densed phase (secondary OC, SOC). Most organic species are harmful to
human health.

OC may be divided into water-soluble organic carbon (WSOC) and
water-insoluble organic carbon (WISOC). WSOC is a critical con-
stituent, accounting for approximately 20–80% of OC (Du et al., 2014a;
Kirillova et al., 2013; Zhang et al., 2017b). WSOC exerts significant
effects on radiative forcing and climate change because some compo-
nents of WSOC, e.g., water-soluble brown carbon (BrC) and humic-like
substances (HULIS), have light absorption properties (Baduel et al.,
2010; Duarte et al., 2005; Teich et al., 2016). In addition, WSOC also
has an impact on the hygroscopic properties of aerosols that could in-
fluence cloud condensation nuclei (CCN) (Asa-Awuku et al., 2009).
Besides, some possible health risks are linked to WSOC since it contains
a variety of organic components (Ma et al., 2019; Park and Cho, 2011;
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Verma et al., 2015; Zhao et al., 2019). Most forms of WSOC are oxy-
genated organic compounds such as carboxylic acids, alcohols and al-
dehydes directly emitted from primary sources and/or formed through
secondary processes via homogenous or heterogeneous oxidation
(Blando and Turpin, 2000; Decesari et al., 2006). A wide spectrum of
field measurements have shown that WSOC is strongly correlated with
SOA estimated by other methods including the oxygenated organic
aerosol (OOA) method (Xiao et al., 2011) and the chemical mass bal-
ance model (Snyder et al., 2009). Besides, the concentration of WSOC
agreed well with the secondary water-soluble ions such as sulfate, ni-
trate and oxalate (Du et al., 2014a). These all provide an evidence that
WSOC is closely associated with SOA formation (Anderson et al., 2008;
Rengarajan et al., 2011; Sullivan and Weber, 2006). Another, some
studies found that WSOC could also be from primary sources such as
vehicle emission and biomass burning, and these primary sources could
contribute a considerable proportion of WSOC in some regions
(Hecobian et al., 2010; Viana et al., 2008).

WSOC has been frequently measured worldwide due to its sig-
nificant role in atmospheric science (Anderson et al., 2008; Hodas et al.,
2014; Pathak et al., 2011; Teich et al., 2016). The North China Plain,
with a regional GDP contribution of 38.4% in China (China Statistical
Yearbook, 2017), has experienced rapid economic development in re-
cent years, which has led to severe air pollution. The Yellow River Delta
National Nature Reserve (YRDNNR), located in the Bohai economic
zone of the North China Plain, is an ecological protection zone with an
area of 153,000 ha. The pollution sources near YRDNNR are fewer,
indicating less local emission influence. The Beijing–Tianjin–Hebei
(BTH) region where the air quality is worse in China (Wang et al., 2018)
is located in the northwest of YRDNNR, and the Yangtze River Delta is
located in the southeast of YRDNNR. In winter, the frequent north/
northwest winds can bring air pollutants from the North China Plain to
the sampling site (Yao et al., 2016; Yuan et al., 2014; Zhang et al.,
2018b), while in summer, south/southeast winds are dominant which
might bring massive pollutants from Yangtze River Delta regions (i.e.,
Shanghai, Zhejiang and Jiangsu provinces). This unique geographical
location and meteorological condition make YRDNNR an ideal back-
ground site to study regional transport of fine particles in the North
China Plain (Yao et al., 2016; Yuan et al., 2014). However, few studies
concerning WSOC have been carried out in the area. Hence, a com-
prehensive investigation focusing on the characteristics and sources of
WSOC at YRDNNR is necessary. This paper presents a seasonal varia-
tion of WSOC characteristics in winter and summer at YRDNNR, China.
Furthermore, the primary and secondary nature, the source appor-
tionment and the light absorption properties of WSOC are also dis-
cussed.

2. Methods

2.1. Sampling

Field research was conducted at the Yellow River Delta Ecological
Research Station of Coastal Wetland, Chinese Academy of Sciences
(CAS) (37°76′N, 118°98′E) at YRDNNR, Dongying, Shandong Province
from 17 February to 21 March (winter) and 10 June to 10 July
(summer), 2017. The sampling site is a background site with few nearby
stationary sources of fine particulate matter, 45 km away from
Dongying City. The nearest polluted area is a small town with a po-
pulation of about 25,000, located in the southwest of the sampling site,
15 km away. Dongying owns one of the most important oil fields in
China and some oil fields are located in the north and southwest of the
station with average distances> 15 km. A total of 118 PM2.5 samples
along with 4 blank samples were collected using a medium flow in-
telligent sampler (TH–150A, Wuhan Tianhong Environmental
Protection Industry Co., Ltd) at a flow rate of 100 L/min. Samples were
collected every half day (from 8:00 a.m. to 19:30 p.m. and from
20:00 p.m. to 7:30 a.m. the next day). All the quartz filters (1 μm pore

size and 88mm diameter, Pall Gelman Inc.) were pre-baked at 600 °C
for 2 h to eliminate organic compounds before sampling. After sam-
pling, the filters were stored in a refrigerator at −18 °C before any
chemical analysis. All the data presented in the study were blank-cor-
rected.

The meteorological parameters including relative humidity (RH),
temperature, wind speed and wind direction were measured every
5min with a portable automatic weather station (PC-4, Jinzhou
Sunshine Technology Co. Ltd., China) during both the winter and
summer campaigns.

2.2. Sample analysis

PM2.5 mass concentrations were determined using an electronic
balance (Sartorius ME-5F, sensitivity: 1 μg). OC and EC were measured
using a thermal-optical transmittance (TOT) carbon analyzer (Sunset
Laboratory Tigard，OR，USA) and the heating program was
NIOSH870. The detailed procedure has been described elsewhere
(Panteliadis et al., 2015). The detection limit is 0.2 μg cm−2. OC/EC
were usually determined by the operation methods. Thus, here OC and
EC concentrations had potential uncertainties (Supplement materials).

WSOC was determined using Vario Total Organic Carbon Cube
(Elementar, Germany). Water-soluble ions, including Cl−, SO4

2−,
NO3

−, NH4
+, Na+, K+, Mg2+ and Ca2+, were analyzed by a Dionex IC-

90 Ion Chromatograph (Dionex Corporation, CA, USA). The IonPac
AS14A column and IonPac CG12A column were adopted to analyze
anions and cations, respectively. The measurements of WSOC, water-
soluble inorganic ions and UV/Vis-spectrometer used aqueous extracts
of PM2.5. The preparation of aqueous extracts and the methods on
sample analysis were described in Supplement materials.

2.3. Measurement of the light absorption spectra of WSOC

Light absorption of aqueous extracts was measured with a TU-1900
UV/Vis-spectrometer (Persee, China). The aqueous method follows the
details described by Hecobian et al. (2010). The following power law
equation could characterize the light absorption spectra of the aqueous
solutions:

= −Abs K·λλ
Åp (1)

where K is a constant, λ is the wavelength and Åp is the absorption
Ångstrom exponent (AAE). AAE was calculated based on the linear
regression fit of logarithms of Absλ.

Mass Absorption Efficiency (MAE), a key parameter to describe the
light absorption ability of chromophores, is the intensity of light ab-
sorbed per unit mass at a certain wavelength. Higher MAE value in-
dicates stronger light absorption ability of chromophores, and the light
absorption intensity is bigger in the case of the same mass. The MAE of
WSOC was calculated as follows:

=MAE Abs
WSOC365

365
(2)

where Abs365 is the average value of optical absorption between 360
and 370 nm (See Formula S2), WSOC is the measured concentration of
WSOC. The unit of MAE365 is m2 g−1.

2.4. The extended aerosol inorganic model (E-AIM)

E-AIM, developed by Simon Clegg and Anthony Wexler (Wexler and
Clegg, 2002), is a thermodynamic model to calculate gas/aqueous/solid
partitioning in aerosol systems. In this study, according to the actual
atmospheric conditions and the types of inorganic ions contained in the
samples, the E-AIM IV model was chosen. The inorganic element of
Model IV is an equilibrium thermodynamic model of the system
H+−NH4

+−Na+− SO4
2− − NO3

− − Cl− − H2O which is valid
for temperatures near and/or below 263.15 up to 330 K and
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concentrations from infinite dilution to saturation with respect to the
solid phases (Friese and Ebel, 2010). The input parameters of the model
include ion concentrations, RH, temperature, pressure and volume,
dissociation options, gas and solid phase options, etc. And the output
parameters include the moles and molarities of species in the gas, solid
and aqueous phases, activity coefficient in the aqueous phase, volume
and density of aqueous phase, etc.

2.5. Potential source contribution function (PSCF)

Potential source contribution function (PSCF) is a common method
to identify regional sources and calculate the likelihood of identified
sources. The PSCF values for the ijth grid cell were calculated as fol-
lows:

=PSCF
m
nij

ij

ij (3)

where nij is the number of times that the trajectories passed through the
cell (i, j) and mij is the number of “polluted” trajectories in the cell (i, j)
(Zhang et al., 2013). To reduce the effect of small values of nij, the PSCF
values were multiplied by a weighting function Wij:
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3. Results and discussion

3.1. General characteristics of PM2.5

The average PM2.5 concentration was 56.22 ± 26.64 μgm−3 in this
campaign at YRDNNR. The temporal variability of PM2.5, identified
species in PM2.5 and meteorological parameters are shown in Fig. S1.
Among all samples, 73.7% of the daily PM2.5 samples at YRDNNR had
higher concentrations than 35 μgm−3, the recommended limit of daily
PM2.5 concentration in A class areas according to the National Ambient
Air Quality Standards in China (GB3095–2012). Table 1 shows the
average concentrations of PM2.5 and identified species in PM2.5 and
meteorological parameters in winter and summer. Compared with
urban sites in the North China Plain (Gu et al., 2010; Wu et al., 2017;
Zhou et al., 2012), the seasonal variation of PM2.5 at YRDNNR exhibited
an opposite trend with higher concentrations in summer and lower

concentrations in winter. With fewer local emission sources at
YRDNNR, different transportation modes of pollutants probably had a
certain impact on the special seasonal trend. Fig. 1 shows the results of
72-h air mass back trajectories calculated by the NOAA HYSPLIT 4
trajectory model. From the figure, in winter, a large portion (55%)
(clusters 1, 2 and 4) of the air masses originated from Mongolia and
Russia where the PM2.5 concentrations were very low (Yao et al., 2016).
Moreover, the longer trajectories in winter implied the air masses
moved faster which was beneficial to the dilution and diffusion of
pollutants in the atmosphere. By contrast, in summer, a dominant
amount (50%) of the air masses was mainly from eastern Jiangsu
province and the Yellow sea, passing through the cities of Zibo, Weifang
and Linyi in Shandong province (cluster 3), which are all severe PM
pollution regions (Luo et al., 2018; Wang et al., 2017; Xing et al., 2017).
In addition, a considerable number of air masses (clusters 2 and 4) came
from or passed through some heavily polluted cities in Shandong pro-
vince such as Jinan, Zaozhuang and Taian (Liu et al., 2016; Wang et al.,
2005; Zhang et al., 2018a). Most air masses moved slower in summer,
and thus the pollutants readily accumulated.

The water-soluble inorganic ions were the most abundant con-
stituents in PM2.5, accounting for 38% and 49% of the PM2.5 mass in
winter and summer, respectively (Fig. 2). Secondary ionic aerosols
(SNA) including SO4

2−, NO3
− and NH4

+, were the dominant compo-
nents with a total concentration of 16.61 ± 11.93 μgm−3 and
29.37 ± 17.83 μgm−3, occupying 86% and 95% of the measured
water-soluble inorganic ions in winter and summer, respectively. From
Table 1, the concentrations of SO4

2−and NH4
+ in summer were 1.7–3.2

times higher than those in winter. This was probably related to the
transportation of air mass through heavy pollution area to the site and
the ideal conditions (e.g., the higher temperature, RH and adequate
sunshine) for the photochemical conversion reaction of SO2 to SO4

2−

through both gaseous and aqueous phases in summer (Fugaś and
Gentilizza, 1978; Galloway, 1989; Gorham et al., 1984). Another, in
summer a considerable number of air masses originated from marine
regions (Fig. 1), the increased SO4

2− concentrations could also likely be
related to the phytoplankton activity (Barnes et al., 2006; Li et al.,
2018). Although the levels of NO3

− were comparable in winter and
summer, the contributions of NO3

− to the total amount of water-soluble
inorganic ions in winter (44%) was much higher than that in summer
(30%). This might be because NO3

− is easier to retain in particulate
phases at relatively low temperatures (winter). But in summer NO3

− is
more likely to form HNO3 and volatilizes into the gas phase (Stelson
et al., 1979), although the air masses were from the relative clean area
in winter to that in summer. Cl− could both come from coal con-
sumption and sea salt. However, in this study Cl− showed a weak
correlation with Na+ in both seasons (R2≤ 0.1), indicating Cl− might
mainly be influenced by coal combustion at YRDNNR. In comparison,
Cl− concentration in winter was substantially higher, which was
probably because the abundant coal consumption for heating and the
relatively low temperature was in favor of retaining Cl− in the parti-
culate phase as well.

The carbonaceous aerosol constituted a considerable fraction of the
fine particles, accounting for 11% of the total aerosol mass. OC was the
dominant carbonaceous aerosol at YRDNNR, accounting for 92% of
total carbonaceous matters during the sampling period. The con-
centrations of OC in summer was higher than that in winter. EC was a
minor component of PM2.5, accounting for 8% of total carbonaceous
matters during the sampling period, with a slightly higher concentra-
tion in winter compared with that in summer. The average OC/EC ra-
tios were 9.71 and 13.08 in winter and summer, respectively, far higher
than 2.0, indicating that probably SOC exists (Niu et al., 2013). Based
on the EC-tracer method (Huang et al., 2012), the concentrations of
SOC can be calculated:

= − = − × ⎛
⎝

⎞
⎠

SOC OC POC OC EC OC
EC min (5)

Table 1
Statistics of PM2.5 mass concentrations, water-soluble organic ions in PM2.5 and
meteorological parameters in winter and summer of 2017(unit: μg m−3, except
for OC/EC).

Species Winter Summer

PM2.5 50.38 ± 21.27 63.15 ± 25.35
OC 5.14 ± 2.54 6.24 ± 3.31
EC 0.56 ± 0.26 0.47 ± 0.18
SOC 2.19 ± 1.73 3.71 ± 2.50
WSOC 3.23 ± 1.75 4.62 ± 2.90
OC/EC 9.71 ± 2.79 13.08 ± 3.55
Cl− 1.38 ± 0.96 0.71 ± 0.56
NO3

− 8.50 ± 6.28 9.32 ± 7.66
SO4

2− 3.83 ± 2.58 12.44 ± 7.89
NH4

+ 4.28 ± 3.28 7.28 ± 4.67
Na+ 0.52 ± 0.12 0.44 ± 0.11
K+ 0.38 ± 0.25 0.57 ± 0.37
Mg2+ 0.05 ± 0.04 0.02 ± 0.02
Ca2+ 0.43 ± 0.22 0.21 ± 0.06
Temperature (°C) 5.9 27.1
RH (%) 66.8 75.3
Wind speed (m s−1) 2.6 2.4
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where POC is primary organic carbon and (OC/EC)min is the minimum
OC/EC ratio in winter and summer respectively.

Normally, biomass burning and secondary formation could both
contribute to the high ratio of OC/EC (Watson et al., 2001). A detailed
inspection found that there was a good correlation between OC/EC and

SOC (R2=0.60) while a quite weak correlation existed between OC/EC
and K+

bb (R2=0.09) (K+
bb: K+ from biomass burning, which were esti-

mated as reported by Yang et al. (2014) (See Supplement materials
Formula S3–S7)), confirming that the high OC/EC at YRDNNR could be
attributed to secondary formation. SOC comprised 43% and 60% of OC

Fig. 1. Analytical results of the 72 h air mass back trajectories at 100m elevation during the sampling period using NOAA HYSPLIT 4 trajectory model.

Fig. 2. Chemical mass closure of PM2.5 mass concentrations in winter and summer. The major chemical components included organic carbon (OC), elemental carbon
(EC), water-soluble inorganic ions and others unmeasured.
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in winter and summer, respectively, illustrating the more intense sec-
ondary formation in summer. The OC/EC ratios were much higher than
those in the megacities sites of the North China Plain, such as Beijing
(2.47) (He et al., 2001), Tianjin (3.00) (Gu et al., 2010) and Jinan
(6.23) (Yang et al., 2012).

3.2. Temporal variation and characteristics of WSOC

3.2.1. Temporal variations of WSOC
Table 2 shows WSOC levels and WSOC/OC ratios at YRDNNR and

other sites worldwide. As shown in the table, the average concentra-
tions of WSOC were 3.23 ± 1.75 μgm−3 and 4.62 ± 2.90 μgm−3 in
winter and summer, respectively, higher than those at a rural site in
Beijing and at suburban sites near Shanghai and Guangzhou and
Lanzhou. The four sampling sites mentioned above were in four major
cities representing northern, eastern, southern and western China, re-
spectively. Moreover, the levels of WSOC were far higher than those at
background sites in China (Zhao et al., 2015) and other countries
(Barrett and Sheesley, 2014; Dusek et al., 2017; Taghvaee et al., 2019).
These indicated that WSOC pollution was serious at YRDNNR which
might be attributed to the transportation of air masses from the oil
fields in urban regions of Dongying and some heavy pollution areas in
other cities (Fig. 3). WSOC was a major part of organic matter con-
stituting about 66% of OC, 63% in winter and 74% in summer at
YRDNNR. These were much higher than those at the background site in
Qinghai Lake and the rural/suburban sites in Beijing, Shanghai,
Guangzhou and Lanzhou in China. Besides, it was also higher than
those at some background sites in other countries, such as Greece,
Netherlands and Texas (Table 2). The pattern of WSOC in seasons was
similar to that of PM2.5. This was different from those at the urban sites
in China (Huang et al., 2012; Xiang et al., 2017). The higher WSOC
concentration in summer was probably attributed to the increased
secondary formation due to the favorable meteorological conditions. In
addition, air mass transportation also probably played a significant role
in elevating the WSOC level in summer due to most of them passing
through the heavy pollution area (Fig. 3).

Fig. 3 shows the PSCF simulation results at YRDNNR. The air tra-
jectories determined by PSCF model (Fig. 3(a) & (d)) were similar to
that using HYSPLIT (Fig. 1). In winter, the air masses mainly came from
the northern regions of the sampling site while in summer, majority
amounts of air masses were from southern regions of the sampling site.
The concentrations of WSOC in clusters 1–4 were Cluster 1
(4.18 μgm−3) > Cluster 2 (2.86 μgm−3) > Cluster 4
(2.52 μgm−3) > Cluster 3 (2.20 μgm−3) in winter, and Cluster 2

(7.68 μgm−3) > Cluster 1 (4.62 μgm−3) > Cluster 3
(4.12 μgm−3) > Cluster 4 (3.38 μgm−3) in summer. Fig. 3(a) and (b)
show the likely source regions of WSOC in winter and summer. In
winter, the potential source region of WSOC at YRDNNR was Shandong
province including Dongying city and the inland cities in central
Shandong province such as Weifang, Zibo, Jinan and Linyi. Shandong
province has a high population density and a great gross domestic
product (GDP) mainly driven by rapidly growing heavy industry, so it
has been suffering severe particle pollution for a long time (Luo et al.,
2018). In summer, in addition to the cities in Shandong province,
WSOC could also come from eastern Jiangsu province where intensive
power plants and fossil-fuel based industries are located (Li et al.,
2015). Additionally, the eastern region of Henan province where par-
ticle pollution was severe (Jiang et al., 2017; Jiang et al., 2018) could
be another potential region of WSOC at YRDNNR. Since the clusters 2, 3
and 4 in winter and clusters 3 and 4 in summer all passed through the
Bohai sea or the Yellow sea, the two seas might be identified as likely
marine sources of WSOC. There were some big ports like Qingdao ports
along the coast and the exhaust of ships might lead to the increase of
WSOC in particular phase. The likely source regions identified by PSCF
showed good agreement with the results of cluster analysis (Fig. 3),
suggesting that regional transportation could be one of the important
reasons for the seasonal differences of WSOC at YRDNNR.

3.2.2. Primary and secondary formation
3.2.2.1. Correlations between WSOC and OC and EC. In this study, a
strong correlation was found between WSOC and OC (R2 > 0.85),
while the correlations between WSOC and EC were weak (R2=0.36).
Besides the temporal variations of WSOC and OC were comparatively
consistent while the temporal variations of WSOC and EC were
inconsistent (Fig. S1), suggesting that WSOC was more related to
secondary formation at YRDNNR. The ratio of WSOC to OC was 0.74
in summer, a little higher than that in winter (0.63). There was a
stronger correlation between WSOC and OC (R2= 0.96) and a weaker
correlation of WSOC and EC was relatively weak (R2= 0.51) in summer
than those in winter (R2= 0.76 and R2= 0.56). Therefore, the higher
contribution of WSOC to OC in summer was presumably attributed to
photochemical processes that occur under the summer conditions of
higher RH, ambient temperature and sunlight (Jaffrezo et al., 2005;
Kondo et al., 2007; Park and Cho, 2011).

3.2.2.2. Correlations of WSOC and inorganic ions. Correlations of WSOC
with secondary inorganic ions (SO4

2−, NO3
− and NH4

+), Cl−, biomass
burning tracer K+

bb were also investigated at YRDNNR (Fig. 4). WSOC
correlated well with SO4

2− in winter (R2= 0.81) and slightly lower in
summer (R2=0.74), indicating that they may have similar sources or
formation pathways. The major formation process of SO4

2− has been
suggested to be aqueous reaction (Wang et al., 2012; Yao et al., 2002).
Therefore, the strong correlation between WSOC and SO4

2− indicated
that aqueous reaction was probably an important formation pathway of
WSOC. The correlation between WSOC and NO3

− exhibited an obvious
seasonal variation with a better correlation in winter than that in
summer. The formation of NO3

− is usually thought to be associated
with secondary reactions in the atmosphere. Besides, Hodas et al.
(2014) has suggested that particulate NO3

− is one of the main drivers of
aerosol liquid water (ALW) which has an important impact on the
formation and partitioning of WSOC (see Section 3.2.2.3). The good
correlation between WSOC and NO3

− in winter could suggest a similar
formation mechanism between them. In summer, the dissociation of
NH4NO3 was notable at relatively higher temperatures. Besides,
sampling artifacts for NO3

− and the other secondary formation
pathways of WSOC (e.g. oxalate formation path) could all lead to a
lower correlation between WSOC and NO3

−. The correlation pattern
between WSOC and NH4

+in different seasons was similar to that of
WSOC and NO3

−.
There was a strong correlation between WSOC and K+

bb (R2≥ 0.7),

Table 2
Concentrations of WSOC and WSOC/OC ratios at YRDNNR and other sites
worldwide.

Sampling site Season WSOC
(μgm−3)

WSOC/OC
(%)

Reference

Background site
YRDNNR Winter 3.23 63 This study

Summer 4.62 74
Qinghai Lake Winter 1.53 39 Zhao et al. (2015)

Summer 1.27 55
Texas, U.S Winter 1.3 55 Barrett and Sheesley

(2014)
Summer 2.0 66

Netherlands Winter 1.3 62 Dusek et al. (2017)
Summer 0.73 73

Greece Winter 0.7 39 Taghvaee et al. (2019)
Summer 1.4 70

Rural/suburban sites
Beijing Summer 2.9 49 Pathak et al. (2011)
Guangzhou Summer 2.4 36
Lanzhou Summer 4.3 29
Shanghai Summer 2.9 46 Feng et al. (2013)
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Fig. 3. PSCF model simulation results at YRDNNR. (a) and (d): air mass back trajectories in winter and summer; (b) and (e): potential source regions of WSOC
identified by PSCF values in winter and summer; (c) and (f): WSOC concentrations of each cluster identified by PSCF model in winter and summer.
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indicating that biomass burning was an important source of WSOC. This
meant that part of WSOC was thought to be from primary biomass
burning emission and/or the chemical conversion of precursors from
the biomass burning (e.g. levoglucosan, phenolic compounds and so on)
in the atmosphere (Sun et al., 2010; Yu et al., 2014; Zhao et al., 2014).
The correlations between WSOC and K+

bb did not show an obvious
seasonal variation at YRDNNR. The correlations between WSOC and
Cl− were very weak in both seasons (winter: R2= 0.2, summer:
R2= 0.06), indicating WSOC was less related to coal combustion.

3.2.2.3. Relationship between WSOC and SOC. A strong correlation was
seen between WSOC and SOC (R2= 0.83) during the whole campaign
at YRDNNR (Figs. 5 and 6), and in Fig. S1, the consistent temporal
variations of WSOC and SOC were obviously found, further confirming
that a comparable amount of WSOC was from secondary formation. In
summer, there was a relatively high correlation between WSOC and
SOC (R2=0.92) compared with that in winter (R2= 0.62), suggesting
the active photochemical reactions probably have a significant
contribution to WSOC (Sullivan and Weber, 2006). The relatively
weak correlation in winter probably indicates more influences from
primary sources.

In order to further explore the secondary formation of WSOC, ALW
and particle acidity were investigated, as described below.

3.2.2.3.1. Aerosol liquid water (ALW). ALW is ubiquitous and
important in the atmosphere. It could affect the partitioning of gas-
phase WSOC to particle-phase. Moreover, a substantial body of research
suggest that ALW plays a critical role in SOA formation by affecting the
partitioning of organic matter in the condensed phase and providing the
reaction medium and surface area for aqueous reactions (Blando and
Turpin, 2000; Ervens et al., 2011; Hodas et al., 2014; Lim et al., 2010).
Here ALW was estimated using a thermodynamic model (E-AIM IV,
http://www.aim.env.uea.ac.uk/aim/aim.php). SO4

2−, NO3
−, Cl−,

NH4
+ and Na+ were input into the model. The output parameter of

the model is H2O(aq), which refers to the mass of liquid water
contained in aerosols in 1 m3 of air. Therefore, the concentration of
ALW could be obtained by unit conversion of the output result of H2O
(aq) (μgm−3). And the average concentrations of ALW were
19.53 ± 25.52 μgm−3 in winter and 49.18 ± 44.68 μgm−3 in

summer.
From Fig. 5(a), it can be found that the concentrations of WSOC and

SOC were higher with higher concentration of ALW, indicating that
ALW could promote WSOC formation in the measurement. This ten-
dency was more obvious (Fig. 5(b)) in winter than that in summer
(Fig. 5(c)). In summer, a few samples did not conform to the pattern
above. To further investigate these special samples, the other factors,
e.g., PM2.5 concentrations, wind speeds and temperatures were in-
spected (Fig. 5(d)–(f)). In Fig. 5(c), the samples on the nights of June
13th, 20th, 25th and 28th (red triangles) had lower WSOC and SOC
concentrations at relatively high ALW. This might be attributed to the
lower concentrations of PM2.5 of these samples. Besides, from Fig. 5(f),
the temperatures were much lower during these periods so that the
photochemical reactions could be relatively weak. These all could lead
to less secondary WSOC even under the higher ALW conditions. The
samples taken during the day on June 15th, 16th and 17th (blue tri-
angles) had low ALW levels but high concentrations of both WSOC and
SOC. This was probably due to relatively high PM2.5 concentrations in
these periods (Fig. 5(d)). In addition, the wind speeds were lower
(Fig. 5(e)) and the temperatures were much higher (Fig. 5(f)) which
could be favorable for the accumulation of WSOC and the secondary
formation. The ALW concentration in summer was about 2.5 times that
in winter, which meant that the ALW was relatively sufficient for the
secondary formation and the dissolution of WSOC. As discussed above,
it is possible that other meteorological factors like wind speed, light
intensity and temperature might greatly influence the secondary for-
mation of WSOC rather than the ALW under the ALW-rich conditions
(the concentration of ALW was high enough). However, the ALW level
could play a very important role in the secondary WSOC under the
ALW-poor conditions like that in winter.

3.2.2.3.2. Particle acidity. In the atmosphere, both SOA formation
and POA oxidation are influenced by particle acidity via heterogeneous
reaction processes (Kawamura et al., 2010; Pathak et al., 2011; Surratt
et al., 2007; Zhang et al., 2007). SOA and oxygenated POA are thought
to compose the major part of WSOC (Kondo et al., 2007; Pathak et al.,
2011; Zhang et al., 2007). Therefore, the correlation between WSOC
and particle acidity is discussed in this study. The particle acidity was
represented with in-situ pH that was calculated as below:

Fig. 4. Image plots showing the cross-correlation coefficients (R2) between WSOC, SO4
2−, NO3

−, NH4
+ and K+

bb in winter and summer (colored and sized by R2: the
deeper color and larger size represent the higher R2).
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= − × +in-situ pH log[γ [H ]/(V /1000)]aq (6)

where γ is the activity coefficient of H+, [H+] is the mole number of
H+ and Vaq is the volume of aqueous phase (cm3). γ, [H+] and Vaq were
calculated with the E-AIM IV model (http://www.aim.env.uea.ac.uk/
aim/aim.php).

The in-situ pH was 5.11 in winter and 4.96 in summer at YRDNNR.
Fig. 6(a)–(c) show that both WSOC and SOC varied along with in-situ
pH. Both species increase with the decrease of pH, indicating more
secondary WSOC formation with the increase of acidity in particles.
This is consistent with the laboratory studies where more SOA was
produced under higher acidity conditions (Jang et al., 2002; Surratt
et al., 2007). In field research in Tokyo, Kondo et al., (2007) also found
that there was a 20% enhancement of OOA in acidic samples compared
with neutralized samples, suggesting acidity plays a significant role in
the formation of SOA. From Fig. 6(b), there were a few samples in
which WSOC did not increase along with the decrease of the in-situ pH.
In order to explain these special samples, three other factors, including
PM2.5 concentrations, wind speeds and temperatures, were investigated
(Fig. 6(d)–(f)). The samples on February 21th daytime, March 5th
daytime and 6th night-time (Fig. 6(b) triangles) had lower WSOC and
SOC concentrations and lower in-situ pH. The lower WSOC and SOC
could be due to the lower PM2.5 concentrations (Fig. 6(d)). Fig. 6(e) and
(f) show that the meteorological conditions (the larger wind speeds and
lower temperatures) during February 21th daytime, March 5th daytime
and 6th night-time could also be responsible for the lower secondary
formation and accumulation of WSOC in winter at YRDNNR.

3.2.3. Source apportionment of WSOC
Source apportionment of WSOC was performed in winter and

summer, respectively, using the Positive Matrix Factorization (PMF) 5.0
model. Descriptions of PMF model were shown in supplement

materials. WSOC, OC, EC, Cl−, SO4
2−, NO3

−, NH4
+, K+

bb, Na+, Mg2+

and Ca2+ were input into the source apportionment model. In this
study, we have tested from three to seven factors in the PMF model.
Then, PMF was run several times with different Fpeak values to de-
termine the range within which the objective function Q values remains
relatively constant (Fig. S2). In the five-factor result, a value of
Fpeak=−0.1 provided the most physically reasonable source profiles.
Species with a number of scaled residuals above 4 have peak con-
centrations that were not fit by PMF: EC and Cl− in winter, and Cl−, K+

bb

and Ca2+ in summer. The category for these species was set to “Weak”.
There were good correlations (R2 > 0.85) between simulated values
from PMF model and the input data of each species. In addition, results
of error estimation (Table S1-S5) also suggested the simulation was
stable and reliable. Five factors were obtained and the source profiles
are illustrated in Fig. 7.

Factor 1, characterized by high loads of EC, Cl−, Na+ and Ca2+,
was identified as mixed primary sources. As the results of PSCF shown
(see Section 3.2.1), the Yellow sea and the Bohai sea were the potential
source regions of WSOC, besides, nearly 46.1% Cl− and 28.4% Na+

were found in this factor, therefore, sea salt was one of the primary
sources in this factor. In addition, high loads of EC, Cl− and Ca2+ in-
dicated fossil fuel combustion and soil dust were also included in factor
1. Factor 2 was characterized by a high load of K+

bb and a medium load
of OC. Thus, factor 2 was identified as biomass burning. Although
biomass burning was a combination of both primary and secondary
sources of WSOC, in this study factor 2 was regarded as a primary
source due to the relatively high loads of EC, Na+ and Ca2+. Thus, the
contribution of factor 2 could be regarded as the maximum contribution
from the biomass burning as a primary source of WSOC. Factor 3 had a
high load of SO4

2− and medium loads of NO3
− and NH4

+, therefore, it
was identified as the sulfate-based source.> 60% of NO3

− was found in
factor 4, and the loads of SO4

2− and NH4
+ could also be as high as

Fig. 5. (a–c): Scatter plots of WSOC vs. SOC concentrations during the whole campaign (All samples), winter and summer. In (c), triangle represents the special
samples mentioned in Section 3.2.2.3. In (d–f), the size of the scatter plots represents the value of the other factors in summer: PM2.5, wind speed and temperature,
respectively. Larger size represents the higher value of these factors; the black circles are used to point out the specific samples mentioned in the text. The ranges of
these factors: PM2.5: 23.3–134.1 μgm−3; wind speed: 0.2–7.3 m s−1; temperature: 19.1 °C–33.6 °C.
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25.8% and 59.3%, indicating this factor might be associated with ni-
trate-based source. Factor 5 was characterized by a high level of OC and
medium level of SO4

2−, NO3
− and K+

bb, thus was attributed to mixed
organic formation. For instance, oxalate-path formation in the aqueous
phase has been suggested to be associated with the formation of WSOC
(Huang et al., 2006; Yao et al., 2002). Meanwhile, other secondary
formation pathways such as SOA from terpene, pinonic acid and so on
might also be identified as sources of WSOC (Feng et al., 2013). Thus,
factor 5 might be representative of the secondary sources of WSOC.

Table 3 shows seasonal contributions of each identified source.
Factors 1 and 2 represented the primary characteristics of WSOC while
factors 3, 4 and 5 were considered as the secondary sources of WSOC in
this study. The secondary formation contributed 59.9% and 77.9% of
WSOC in winter and summer, indicating that WSOC was mainly from
secondary formation at YRDNNR. The secondary formation proportion
in summer was higher than that in winter. This was consistent with the
better correlation between WSOC and SOC in summer (Figs. 5 and 6)

and higher ALW and particle acidity, which favor WSOC formation in
this season (See Section 3.2.2.3), especially the aqueous phase forma-
tion. In contrast, the contributions of primary sources to WSOC were
more in winter than summer with a factor of ~2. Among all these
primary sources, biomass burning was predominant and contributed
31.6% to WSOC in winter that could be due to the frequent biomass
burning in northern Chinese villages for heating in the cold season.

Fig. 6. (a–c): Scatter plots of WSOC vs. SOC concentrations during the whole campaign (All samples), winter and summer. In (b), triangle represents the special
samples mentioned in Section 3.2.2.3. In (d–f), the size of the scatter plots represents the value of the other factors in winter: PM2.5, wind speed and temperature,
respectively. Larger size represents the higher value of these factors; the black circles are used to point out the special samples mentioned in the text. The ranges of
these factors: PM2.5: 14.6–99.4 μgm−3; wind speed: 0.8–6.8 m s−1; temperature: -3 °C–15.5 °C.

Fig. 7. Composition profiles (% of each species) simulated by the PMF model.

Table 3
Seasonal contributions of each source of WSOC (unit: %).

Factor Source Winter Summer

1 Mixed primary sources 8.5 2.0
2 Biomass burning 31.6 20.1
3 Sulfate-based source 5.9 7.2
4 Nitrate-based source 19.1 12.3
5 Mixed organic formation 34.9 58.4
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Among the three identified secondary sources of WSOC, the contribu-
tion of the sulfate-based source was lower compared with other studies
(Du et al., 2014a; Feng et al., 2013). This might be attributed to very
low concentrations of SO2 with an average of 5 ± 5 ppb and
2 ± 3 ppb in winter and summer, respectively, at YRDNNR (un-
published results). SO2, the precursor of SO4

2−, mainly comes from the
burning of fossil fuels. Compared to other urban sites, YRDNNR lacks
direct emission sources of SO2, which may be not favorable for the
formation of organic sulfate compounds like organosulfates. The higher
contribution of the nitrate-based source in winter was consistent with
the higher proportion of nitrate and stronger correlation between
WSOC and nitrate in this season. NO3

− is one of the main drivers of
ALW which affects the formation and partition of WSOC species in
particulate phase (Hodas et al., 2014; Pathak et al., 2011). NO3

− is also
involved with the aqueous formation of nitrogen-containing organics
which was an important formation route of WSOC (Hodas et al., 2014).
Cl− had a nearly 35% load in factor 4 in summer, because Cl− and
NO3

− were more likely to resolve at a relatively high temperature in
this season. The higher load of Cl− in this factor was corresponding
with the better correlation between NO3

− and Cl− in summer (Fig. 4).
In addition to the two secondary formation pathways mentioned above,
the mixed organic formation sources, that is, some other aqueous re-
actions that were not specifically identified by PMF in this study, e.g.,
oxalate associated pathways and other acid catalysis reactions, was
considered to have a significant contribution to WSOC as shown in
factor 5 (Du et al., 2014a; Pathak et al., 2011). Compared with winter,
the favorable meteorological condition and higher level of ALW and
acidity could both lead to the higher contribution of mixed secondary
formation in summer (Fig. 7).

3.2.4. Light absorption characteristics of WSOC
The wavelength dependence of light absorption from the aqueous

extraction was investigated by the AAE (310–400 nm) (Kirillova et al.,
2014). AAE values varied depending on sources of particle. Previous
work has found that the AAE of fresh soot is about 1 (Bond, 2001;
Kirchstetter et al., 2004) whereas the AAE of organic matter in particles
(i.e., BrC) is within the range from 2 to 4 (Bergstrom et al., 2007;
Kirchstetter et al., 2004; Yang et al., 2009). The research by Bones et al.
(2010) suggested that AAE for aqueous extractions of fresh SOA was
close to 7 and the AAE value for aqueous extracts of aged SOA was
around 4.7. The extraction method has an important impact on the AAE
value. Many studies have reported that aqueous extracts of aerosols
were likely to have higher AAE compared with other organic extracts
(Hecobian et al., 2010; Hoffer et al., 2006; Liu et al., 2013). In this
study, as WSOC was extracted using the same method, the difference of
AAE values between winter and summer could suggest the dis-
crepancies of components of WSOC. In winter, the AAE ranged between
4.3 and 9.92 with an average of 6.88 which was close to 7, the AAE for
aqueous extractions of fresh SOA. However, in summer, the AAE
averaged 9.15 and varied between 6.63 and 12.07. Chen and Bond
(2010) have found that water extracts of aerosols from wood burning
like oak and pine might have higher AAEs, ranging from 8.8–17.8.
Therefore, the samples with higher AAE values might contain aerosols
from wood burning.

Absorption averaged between 360 and 370 nm (Abs365) was used as
an indicator of the light absorption property of water-soluble organic
species (i.e., brown carbon) (Du et al., 2014b). The average Abs365 of
WSOC was 3.60Mm−1 in winter and 2.41Mm−1 in summer. High
correlation was found between Abs365 and WSOC (R2 > 0.75) in both
seasons, indicating WSOC and water-soluble brown carbon might have
the similar sources at YRDNNR. In winter, biomass burning was likely
to be a source of water-soluble brown carbon, which is strongly sup-
ported by the good correlation between Abs365 and K+

bb (R2= 0.55).
However, in summer, the correlation of Abs365 vs. K+

bb and EC were poor
(R2≤ 0.30), indicating that secondary photochemical processes might
be a main source of water-soluble brown carbon.

The light absorption ability of WSOC was characterized by MAE
calculated using Formula 2. The average MAE365 in winter was
1.32m2 g−1 and 0.38m2 g−1 in summer. Both the values of Abs365 and
MAE365 were higher in winter than those in summer indicating WSOC
had stronger light absorbability in winter. And this result was corre-
sponding to the higher AAE in summer than in winter, because the
larger AAE value indicated the lower absorptive ability. The MAE365 at
YRDNNR was similar to the values observed in Beijing (winter:
1.26m2 g−1; summer: 0.51m2 g−1, in the North China Plain) (Du et al.,
2014b) and central Tibetan Plateau (summer: 0.38m2 g−1, background
site in China) (Zhang et al., 2017b), but higher than that at a remote site
in Indian Ocean (winter: 0.45m2 g−1) (Srinivas and Sarin, 2013), in-
dicating the light absorbability of WSOC at YRDNNR was much
stronger, and WSOC would have the greater influence on the radiation
forcing in this region with the same mass concentration.

The relative contribution of radiative adsorption of WSOC to EC was
calculated to estimate the impact of WSOC on climate warming effect
(Kirillova et al., 2014). The detailed process was shown in Supplement
materials. The fraction of solar energy absorbed by WSOC to EC was 1%
–10% in the full solar spectrum (300 nm −2500 nm) during this cam-
paign, which was similar with the range in Korea (Kirillova et al.,
2014). And the average ratios in winter and summer were 2% and 1%,
respectively. In addition, the ratio of solar energy absorbed by WSOC to
EC was also estimated in the ultraviolet region of the solar spectrum
(300 nm−400 nm), and the average values were 11% and 6% in winter
and summer, respectively. The much higher ratios indicated the
stronger absorption effect and ability of WSOC in the UV region.

4. Conclusions

In this study, a comprehensive investigation of PM2.5 and species in
PM2.5 was carried out in winter and summer at YRDNNR. WSOC
averaged 3.86 ± 2.44 μgm−3, accounting for 66% OC at the site. The
results from PSCF model suggested that the cities in Shandong province,
eastern Jiangsu province and northern Henan province were the po-
tential source regions of WSOC. WSOC was closely related to secondary
formation at YRDNNR. In addition, the secondary formation process of
WSOC could be promoted by high level of ALW and particle acidity.
Sources apportionment of WSOC by PMF model indicated that sec-
ondary formation was the main source, especially in summer. In com-
parison, primary sources contributed an average of 31.1% of WSOC
during the whole measurement period, with a dominant contribution
from biomass burning. The AAE of WSOC was 6.88 and 9.15 in winter
and summer, respectively. The MAE365 in winter (1.32m2 g−1) was
higher than that in summer (0.38 m2 g−1), indicating the stronger light
absorption ability of WSOC in winter. The direct light absorptive
properties of WSOC were found to range 1–10% relative to that of the
main light absorptive aerosol component, EC.
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